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Abstract 
Applying compression and shear combined loading to pure iron, pure titanium and stainless steel powders with different 
hardness, the densification effect by shear loading was compared. For all powder the large density improvement by shear 
loading was seen. The density increment by shear loading greatly depended on the density namely residual cavities before shear 
loading. Then the density increment by shear loading was large for high hardness powder on 700 MPa. However, on 300 MPa 
the density increment for stainless powder was smaller than for titanium powder although the density before shear loading was 
lowest. This was because the plastic deformation of high hardness powder was not easily promoted even by shear loading in 
low compression pressure. The densification effect by compression and shear combined loading depends on the density before 
giving shear loading and the ease of powder plastic deformation. 
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1. Main text  
Powder metallurgy (P/M) is widely used for structure parts of transport machinery such as a car, and the 
improvement of strength sintered products is desired.  The densification of green compacts before sintering 
immediately affects on the strength of sintered parts. Therefore, various powder compacting methods have been 
developed, double press and double sintering (DPDS) [1], two-step pressing [2], warm compaction (WC) [3], etc. 
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However, in the most, the green compact before sintering is compacted by uniaxial compression load, and the 
density growth has reached the limit. The densification on powder compacting is based on powder rearrangement 
and plastic deformation [4]. By giving shear loading with the compression more densification is expected because 
shear loading promotes further powder rearrangement and plastic deformation. From the viewpoint, the new 
compacting method given torsion load simultaneously with compression load was developed by us. And it was 
found that the combined loading was effective on the densification of green compacts by applying to the iron-based 
powder[5],[6]. Since behavior of powder rearrangement and plastic deformation depend on the characteristics of a 
powder material, the effect of the combined loading may do so. Then, in this study, the combined loading was 
applied to metal powders which have different hardness, and the effect of powder hardness on the densification 
behavior of the green compacts was investigated. 
2. Experiment 
Commercial pure iron powder, pure titanium powder and stainless steel powder (SUS304L) were used in the 
experiment. Their particle size was 150 μm pass and their Vickers hardness was shown in Table 1. For the 
measurement of powder hardness, each powder was embedded at the epoxy resin and polished. The hardness was 
measured with a micro Vickers hardness tester in 10 points with the test load 25 g and the retention time 15 sec, 
and the average was defined as powder hardness.  
A cylindrical die set as shown in Fig. 1 (inner diameter: 11 mm) was used in the compaction, and a zinc stearate 
was used as die wall lubrication. The shear loading was given by rotating upper and lower punches in the opposite 
direction with keeping compression pressure after the upper punch driving uniaxial compression. The green 
compacts were formed under the following conditions: compaction pressure (300 and 700 MPa), rotation angle (0 
to 360 degrees). Rotation angle 0 degrees means the only uniaxial compression without shear loading. Then the 
density of the green compact was measured by Archimedes method. 
 
 
 
3. Result and discussion  
Fig. 2 shows the relative density of green compacts as rotation angle under compression of 300 MPa and 700 
MPa. In uniaxial compression (0 degrees), the relative density was low as high hardness powder, because high 
hardness powder has less compressibility. The density of all powder increased greatly by shear loading, but the 
relative density after shear loading also depends on the powder hardness as well as before shearing. The density 
increment by shear loading was almost saturated within 90 degrees rotation. The difference in density among 
powders was larger in compression of 300 MPa, and the difference was almost same before and after shear loading 
in 300MPa. However the difference in density under uniaxial compression was decreased by shear loading in 
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Table 1.   Vickers hardness of powders. 
Pure iron Pure titanium SUS
104 HV 144 HV 205 HV
Fig. 1.  Schematic illustration of compression and shear 
combined loading. 
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compression of 700 MPa. Namely the density difference between iron and stainless powders was small to about 7% 
by shear loading while it was more 10% in the uniaxial compression. It can be concluded that the density 
improvement by shear loading was effective in the compaction with large pressure. 
 
 
Fig. 2. Relative density of green compacts as rotation angle on different compression pressure. 
 
Fig. 3 shows the relative density increment by shear loading after uniaxial compression as rotation angle within 
90 degrees. In all case, the density rapidly increased with starting rotation, and then the rapid increase was 
disappeared within 45 degrees rotation. The density improvement by shear loading was mostly due to the first rapid 
increase, and the rotation angles in which the rapid increment continues was varied depending on the powders and 
compression pressure. In the compacting of 300 MPa, the density increment became slow at 15 degrees for iron 
powder and 30 degrees for titanium and stainless powders. However, it was 10 degrees for iron and 15 degrees for 
titanium in 700 MPa, namely the density increment of iron and titanium powders were early saturated in higher 
pressure. On the other hand, the tendency of density increment of stainless powder in 700 MPa was almost the 
same in 300 MPa. It was considered that the first rapid increase of the relative density was caused by reduction of 
residual large cavities due to powder rearrangement and plastic deformation promoted by shear loading. 
 
Fig. 3. Relative density increment from uniaxial compression as rotation angle within 90 degrees. 
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The residual cavities before shear loading are related to the relative density by uniaxial compression. Fig. 4 
shows the relationship between the relative density increment by shear loading and the relative density in uniaxial 
compression. The density increment greatly depended on the relative density before shear loading, and the 
increment was small as the density was high before shear loading. It means the densification effect by shear loading 
was small in the powder which has good compressibility under uniaxial compression. 
Fig. 4.  Relationship between density increment by shear loading and relative density in uniaxial compression. 
 
The powders compressibility can be predicted from their hardness. Fig. 5 shows the relationship between the 
density increment by shear loading and powder hardness for three kinds of used powders. The relationship between 
density increment and powder hardness was different in both pressure. Although the density increment was 
increased with increasing hardness in 700 MPa, the behaviour of the stainless powder in 300 MPa was different 
from others. The density increment by shear loading for stainless powder in 300 MPa was smaller than for titanium 
powder, even though the density before shear loading was lowest and most cavities remained. As mentioned above, 
the density increment is due to powder rearrangement and plastic deformation promoted by shear loading. It was 
considered that the stainless powder would not be subjected to plastic deformation but mostly particle 
rearrangement even by shear loading in 300MPa compression. It can be said that the densification effect by shear 
loading depends on the powder hardness, and the ease of powder plastic deformation by shear loading is important. 
 
Fig. 5.  Relationship between density increment by shear loading and powder hardness. 
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4. Conclusion 
Applying compression and shear combined loading to metal powders with different hardness, the densification 
behavior of compacts was compared.  As a result the following knowledge was acquired. 
(1). For all powders the large density improvement was seen within 45 degrees. 
(2). Although the density increment by shear loading decreased as increase of compression pressure, the 
densification effect by shear loading was large for high hardness powder at high pressure (700 MPa). 
(3). At low pressure (300 MPa) the density increment by shear loading for stainless steel powder was smaller than 
for titanium powder, though the density after the compression was lowest. 
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